Simulated 4-h flights were carried out in a realistic model of a three-row, 21-seat section of an aircraft cabin that was reconstructed inside a climate chamber. Twenty-nine female subjects, age 19-27 years, were split into two groups; each group was exposed to four conditions: two levels of ozone (o2 and 60-80 p.p.b.) at two outside air supply rates (2.4 and 4.7 l/s per person). A companion study measured the chemicals present in the cabin air during each of the simulated flights. The subjects completed questionnaires to provide subjective assessments of air quality and symptoms typical of complaints experienced during actual flight. Additionally, the subjects' visual acuity, nasal peak flow and skin dryness were measured. Based on self-recorded responses after 3 1 4 h in the simulated aircraft cabin, they judged the air quality and 12 of the symptoms (including eye and nasal irritation, lip and skin dryness, headache, dizziness, mental tension, claustrophobia) to be significantly worse (Po0.05) for the ''ozone'' condition compared to the ''no ozone'' condition. The results indicate that ozone and products of ozone-initiated chemistry are contributing to such complaints, and imply previously unappreciated benefits when ozone is removed from the ventilation air supplied to an aircraft cabin.
Introduction
Passengers and crew on commercial aircraft often complain about cabin air quality (e.g., fatigue, dizziness, headache, dry eyes/lips, sore throat, sinus irritation). A number of factors may contribute to these complaints. In aircraft cabins, occupant densities (up to 1.7 passengers/m 2 floor area) tend to be larger than those in typical residential or commercial indoor environments, and those occupants are often confined in the cabin for long periods of time. The absolute air exchange rate is high, but the supply of outside air per person is low. The surfaces of carpets, seats and passenger clothing are ''fleecy'', and the overall surface-to-volume ratio is high. During flight, occupants experience low humidity (usually lower than 20% RH), reduced air pressure (as low as threequarters that at sea level), and, at times, exposure to elevated ozone concentrations. Recently, the National Research Council (NRC) Committee on Air Quality in Passenger Cabins of Commercial Aircraft specifically identified ozone in the cabin air as an issue of high concern in terms of its potential health impacts (NRC, 2002) . The present study examines the impact of ozone on complaints typical of those experienced by the flying public.
At routine cruising altitudes, the ozone level in an aircraft cabin can be elevated owing to concentrations of ozone as high as 500-1000 p.p.b. in the outside air (SAE International, 2000) . A study using passive samplers on 106 trans-continental and trans-Pacific flight segments reported flight-average concentrations of 80 (730) p.p.b. in airplane cabins during winter and early spring; 20% of the measurements exceeded 100 p.p.b. and 11% exceeded 120 p.p.b. (Spengler et al., 2004) . According to the US Federal Aviation Regulation (FAR25.832), the cabin ozone concentrations during flight must be shown not to exceed 250 p.p.b. at any time or to exceed 100 p.p.b. for a time-weighted average during any 3-h interval. This can be compared with the current US ozone standard of 80 p.p.b. for an 8-h mean (US EPA, 2007) and the World Health Organization's air quality guideline of 50 p.p.b. for an 8-h mean (WHO, 2006) . Exposure to ozone is associated with acute and chronic adverse health effects (US EPA, 2006) . Additionally, exposure to indoor ozone is accompanied by exposure to products of ozone-initiated indoor chemistry, including formaldehyde, acetaldehyde, nonanal, acrolein, organic acids, organic peroxides and highly odorous unsaturated aldehydes (Weschler, 2000 (Weschler, , 2004 (Weschler, , 2006 Wisthaler et al., 2005) . Such oxidation products may add to ozone's adverse impact on comfort and health.
Numerous studies have examined the comfort and health of passengers and crew in various aircraft cabin environments; these have been summarized in reviews by Nagda and Koontz (2003) and Spicer et al. (2004) . A major limitation of such studies has been a lack of objective measures of the environmental conditions and outcomes. Explicit weaknesses include limited sample size, poor response rate, response bias and significant confounders (e.g., smoking). Taken together, these studies exemplify the difficulties encountered in attempting to find associations between different air quality parameters and symptoms reported by passengers and crew in field studies where it is difficult to adequately control confounding variables.
To facilitate investigations of the aircraft cabin environment under more fully controlled conditions, a three-row, 21-seat section of a simulated Boeing 767 aircraft cabin has been built in a climate chamber at the International Centre for Indoor Environment and Energy, Technical University of Denmark (DTU). The realistic facility simulates the cabin environment not only in terms of materials and geometry but also in terms of cabin air and wall temperatures and ventilation with very dry air (comparable to that of outside air at altitude). Recently, three investigations with human subjects have been conducted in this simulated cabin. One examined the optimum balance between outdoor air supply and humidity , and showed that increasing relative humidity in the aircraft cabin by reducing outdoor flow intensified complaints of headache, dizziness and claustrophobia. A second investigation evaluated the efficacy of various air purification technologies Sun et al., 2007; Wisthaler et al., 2007) and found that gas phase adsorption purification was more effective than photocatalytic oxidation in this high-occupancy environment. The third investigated the influence of air temperature on passenger comfort and symptoms (StrmTejsen et al., 2005) , and found improved perception of air quality, air freshness and thermal sensation at lower cabin air temperatures, but no change in self-evaluated symptoms such as eye irritation, headache or dizziness.
A prior study in the simulated aircraft cabin, conducted without human subjects, has shown that ozone-initiated chemistry has a significant impact on the chemical composition of the cabin air (Wisthaler et al., 2005) . That study contrasted conditions with low ozone concentrations (o2 p.p.b.) to conditions with moderate ozone concentrations (average values in the range of 70-100 p.p.b.). T-shirts that had been slept in the previous night were used as surrogates for some of the less volatile bioeffluents emanating from passengers and crew. With T-shirts present, the concentration of the pollutants in the cabin air increased from 40 p.p.b. in the absence of ozone to 110 p.p.b. in the presence of ozone; most of the increase resulted from increased concentrations of aldehydes, ketones and organic acids. Several of the identified oxidation products have the potential to contribute to sensory irritation and symptoms commonly associated with the aircraft cabin.
The objective of the present investigation was to study the effects of ozone and the products of ozone-initiated chemistry on passengers' perception of air quality and their selfassessments of symptoms that are typical of the cabin environment. Eight experimental sessions were carried out with two groups of 15 subjects acting as passengers, each being exposed to four 4-h simulated flights at ozone concentrations of less than 2 or 60-80 p.p.b. and either low or moderate outside air ventilation rates (2.4 or 4.7 l/s per person). Concomitantly, the chemicals present in the cabin air during each of the four conditions were measured using several analytical methods. The results of these detailed chemical measurements are reported separately (Weschler et al., 2007) .
Methods

Experimental Facility
The experiments were carried out in a full-scale model of a three-row 21-seat section of a conventional Boeing 767 aircraft built inside a climate chamber at DTU. The cabin (width, 4.9 m; length, 3.2 m; cross sectional area, 8.9 m 2 ; volume, 28.5 m 3 ) is equipped with seats, used carpet and window panels taken from an actual aircraft, all of which serve as realistic sources of air pollution. The realism is further enhanced by the cabin lighting, by the 72 dB(A) level of recorded aircraft cabin noise and by maintaining the sealed habitat and discipline of an actual flight.
Two ventilation systems control the cabin environment. The principal system reduces the humidity in the supply air to 0.05 g/kg or o0.3% RH at 231C, comparable to the moisture content of air outside an aircraft at cruising altitude. This air is supplied through a Boeing 767 overhead duct system in the cabin ceiling, after being mixed with recirculated air filtered through a HEPA filter with 18 months of previous service. A slight overpressure (2-3 Pa) is maintained inside the cabin to avoid the intake of nonconditioned air. A secondary ventilation system is used to cool the air surrounding the cabin, providing cabin wall temperatures inside (approximately 191C) similar to what would be experienced at altitude, and thus maintaining a temperature difference between the cabin air and the radiant temperature of the cabin sides.
In the present experiments, the outdoor supply air, dehumidified and cooled, passed through a charcoal filter to remove ozone and then through a 10 m 3 mixing chamber before entering the overhead duct system for the simulated cabin. The mixing chamber contained seven UV ozone generators that, when in use, were fed with pure oxygen (99.9999%) from a compressed gas cylinder. On days when ozone was added to the cabin air, the ozone generators were turned on 2 h before people entered and adjusted to provide the target ozone concentration. They were then shut off for 1 h and turned back on just after the subjects had entered the cabin and the doors were shut. The ozone concentration in the cabin increased rapidly after turning on the generators, reaching a level that was roughly 50% of its target value within the first 10 min. The relative humidity in the cabin was not controlled -its resultant steady-state level was determined by the air supply rate and the generation of moisture in the cabin (mainly from passengers). Additional details regarding the simulated aircraft cabin and its operation are given by Strm-Tejsen et al. (2007) and Tama´s et al. (2006) .
Physical and Chemical Measurements
The cabin and ventilation system were equipped with instrumentation to continuously control, measure and record the flow rates of outdoor and total air to the cabin (73%), the relative humidity and temperature of the supply air and the air inside the cabin, and the surface temperatures of the cabin panels. Additionally, CO 2 concentrations in the air supplied from outdoors and in the cabin air were measured continuously using a Bru¨el & Kjaer Multi-Gas Monitor Type 1302. The ozone concentrations in the cabin air and in the mixing chamber were measured continuously with two UV photometric analysers operating at 254 nm (Dasibi 1003-AH and Dasibi 1003-RS). These instruments have a range of 0-500 p.p.b., a sensitivity of 1 p.p.b. and a precision of 1 p.p.b. or 71%, whichever is greater. The sampling points for the ozone instruments were close to the exhaust of the mixing chamber and behind a seat of the last row in the cabin at a height of 1.2 m. The air in the cabin was well mixed.
For each of the study conditions, the chemicals in the air were measured in real time using proton-transfer reaction mass spectrometry. Additionally, time-integrated samples were collected on a variety of sorbents followed by transport to a laboratory and desorption into either a gas chromatograph/mass spectrometer, a high-performance liquid chromatograph (HPLC) or an ion chromatograph (Weschler et al., 2007) .
Subjects and Experimental Plan
The experimental plan is summarized in Table 1 . A total of 29 subjects, divided into group ''A'' (14 subjects) and group ''B'' (15 subjects), acted as sedentary passengers. All were young Danish women (aged 19-27 years) and were blind to the parameters investigated. The smaller group was supplemented with one student from the centre in order to establish comparable bioeffluent emissions for both groups. Furthermore, one of the female investigators acted as the flight attendant. Hence, there were 16 people in the cabin during each of the exposure experiments. Each group experienced a total of four conditions: two levels of ozone (o2 and 60-80 p.p.b.), each at two different outside airflow rates (2.4 l/s per person and 4.7 l/s per person). These eight simulated 4-h flights were conducted over a 2-week period. The two outside airflow rates were chosen to be approximately one-third below and above the minimum requirement in the US Federal Aviation Regulation (FAR25), which specifies that the ventilation system must be designed to provide each occupant with an airflow containing at least 0.25 kg/min of fresh outside air, corresponding to a volumetric flow rate of 3.5 l/s per person at sea level. For all conditions, the total airflow (outdoor and recirculated air) was maintained at approximately 185 l/s. The temperatures of the cabin air (231C) and wall panels (191C) were also held constant. Ethical review boards in Denmark and the United States approved the experimental protocols.
The 4-h flights were conducted in the afternoon following the schedule shown in Table 2 . All subjects acting as passengers were seated during the experimental sessions with an activity level of approximately 1 met. The subjects were allowed to exchange seats during sessions to obtain the best conditions for reading or watching the movies on two screens within the cabin. People were allowed to adjust their clothing, as they would be on a normal flight, to remain thermally comfortable. To minimize changes in the cabin environment, only one person at a time was allowed to leave the cabin to use the toilet, located next to the cabin and ventilated exclusively with cabin exhaust air. The subjects were not allowed to bring food and drinks into the cabin, and the flight attendant served only mineral water and biscuits during the sessions.
Subjective Assessments
Three times during each session (10 min, 3 h 15 min and 3 h 50 min after entering the cabin), subjects were asked to complete a questionnaire by marking different types of scales ( Figure 1 ). The survey administered at 10 min and 3 h 15 min contained a total of 29 questions related to air quality, the cabin environment, symptoms and thermal comfort while the 3 h 50 min survey, administered just before ''landing'', was shorter and contained only 10 questions (Table 3) . The protocol was similar to that used in previous experiments in the simulated aircraft cabin to make it possible to perform comparative analysis between different studies. Therefore, the 29 questions were of varying relevance for the different investigations; the questions concerning air quality and symptoms were of particular interest in the present study.
Physiological Measurements and Intake of Liquid
Once during each flight session -after approximately 3 1 2 h (between the 2nd and the concluding questionnaire) -subjects participated in three physiological tests measuring nasal peak flow at inspiration, skin dryness and visual acuity. Subjects took turns being evaluated while seated next to the flight attendant in the back row of the cabin. The nasal peak flow test measures the maximum airflow (l/min) that occurs when the subject inhales air through a hand-held inspiratory flow meter fitted with a facemask; the measurement is an indicator of obstructed nasal passages. Skin dryness was measured with a corneometer based on the capacitance of the outermost layers of the skin. This measurement was made twice on the inside of the right-hand middle finger by gently pressing the corneometer probe against the skin. Visual acuity was examined using a computer test developed at Freiburg University; it evaluates functional visual acuity by successively presenting Landolt rings of varying size and orientation on a computer screen, decreasing their size if they are correctly identified (Bach, 1996) . During each session, the flight attendant recorded the intake of liquid (i.e., number of glasses of mineral water consumed by each subject). Figure 1 . Scales for subjective assessments. 
Statistical Analysis
Measurements of subjective assessments are assumed to be at the ordinal level, so they were analysed using the nonparametric Wilcoxon matched-pairs signed-ranks test (Siegel and Castellan, 1988) ; the validity of this test does not depend on normally distributed data. The same test was used for analyses of results from the physiological tests and intake of liquid, since they were not normally distributed. The analysis examined whether the presence of ozone in the cabin affects the subjective response and physiological measures. The analysis was made separately for the two outdoor air supply rates after pooling the data from both groups of subjects. When comparing conditions with and without ozone (at either rate of outside airflow), a one-tailed P-value was used if the effect of ozone was expected to be in one direction (e.g., perceptions of air quality and symptoms), while a two-tailed P-value was used in all other cases (e.g., perceptions of noise, temperature, light).
Results
Physical and Chemical Measurements
A summary of the measured outdoor airflow rates and average cabin ozone concentrations for the four conditions is shown in Table 4 . The averaging period for all measurements was from 1345 to 1645 hours (i.e., from the time when the relative humidity and CO 2 concentrations in the cabin air reached constant values until 15 min before the end of the session). The measured flow of outdoor air per person was in agreement with the intended values; the total airflow (outdoor and recirculated) to the cabin averaged approximately 185 l/s. Similarly, the temperatures of the cabin air and wall panels were maintained close to their intended values of 231C and 191C, respectively.
The average levels of ozone in the cabin varied from 61 p.p.b. for the lower to 74 p.p.b. for the higher air exchange rate condition. This reflects a slight over-compensation (i.e., too large of an increase) in the ozone generation rate at the higher outdoor airflow rate. The ozone removal rate due to reactions with passengers, their clothing and other indoor surfaces was similar for the lower and higher outdoor airflow rates: 10.9 h À1 for the former and 12.2 h À1 for the latter (Tama´s et al., 2006) . The detailed results from the chemical measurements are presented in a separate paper (Weschler et al., 2007) . However, to facilitate the discussion of the subjective results, Figure 2 summarizes the total concentration of airborne organic chemicals measured while either group A or B occupied the cabin during each of the four conditions. The lower part of each bar shows the sum of the concentrations of acids, aldehydes and ketones, while the upper part shows the sum of the concentrations of all other measured gaseous organic compounds.
As is apparent from Figure 2 and further supported by the detailed results from the chemical measurements presented in Weschler et al. (2007) , the level of ozone oxidation products in the cabin was approximately twice as large for the lower outdoor air supply rate compared with the higher rate. This is consistent with expectations from mass balance considerations.
A summary of the average values of humidity and CO 2 for both cabin and outdoor air is shown in Table 5 . The table also shows moisture and CO 2 generation rates calculated using a steady-state mass-balance equation. The main sources of humidity in the cabin air were respiration and evaporation from the skin of occupants, with other sources making negligible contributions. The moisture generation rate per person calculated from the averaged measurements of RH for each of the four conditions is approximately 0.010 g/s (4th column in Table 5 ), while CO 2 generation rate per person is approximately 0.44 g/min for each of the four conditions. Hence, neither moisture nor CO 2 generation were measurably influenced by the differences among the conditions in relative humidity, ozone, ozone oxidation products or rates of outdoor airflow. The moisture generation rate in the present investigation is lower than the value of 0.013 g/s per person for moisture generation by sedentary people as quoted by NRC (2002), based on relationships developed by Fanger (1982) , but consistent with the fact that the subjects were young women. According to NRC (2002) , the standard CO 2 generation for a typical sedentary person (met ¼ 1) will be about 7.7 Â 10 À6 kg/s or 0.46 g/min, corresponding to 0.257 l/min at 251C and 1 atm (ASHRAE 2004, and references therein). CO 2 generation, however, depends on the respiratory quotient, activity (met), as well as weight and height of the person. The 0.46 g/min production rate applies to an average subject weighing 65 kg and 1.73 m tall. Taking the individual weight and height of each subject in the present investigation into account, the theoretical average CO 2 generation would be 0.45 g/min, in close agreement with the measured generation rates.
Subjective Assessments
Analyses of the questionnaires focused on comparisons between conditions without ozone and conditions with ozone, at a given outdoor airflow rate. Of the questionnaires that were completed on each simulated flight, the second (completed 3 1 4 h after boarding) is considered best suited for such comparisons. It reflects the effects of extended exposure to ozone and the products of ozone chemistry. The first questionnaire was completed at a time when the subjects had only been exposed to the condition for a brief period, and the concentrations of both ozone and its oxidation products were increasing, while the third questionnaire was administered after the physiological measurements, and this has the potential to influence the responses of the subjects. As mentioned earlier, all three questionnaires were administered in order to keep the same protocol as in the previous experiments in the simulated aircraft cabin. The responses from the first questionnaire provide insights regarding the manner in which various symptoms developed over time, but this supplementary analysis is not reported here.
Responses by the two groups recorded on the second questionnaire indicated that there were significant differences between the no ozone/ozone conditions for 18 of the 58 comparisons (29 assessments at two air exchange rates), 13 of the 29 assessments. This total number of significant differences is more than what would occur by chance at the selected P-level (Po0.05). The results for 12 of the 13 assessments for which at least one significant difference occurred are shown in Figure 3 . For each of the assessments, pairs of box plots are displayed. The box represents the interquartile range, and the horizontal line dividing the box is the median, whose value is displayed to the right of the box. The assessment that is not displayed is that for the thermal environment, which is considered of less interest for the present study. At the low outdoor airflow rate, the thermal environment was judged to be less acceptable when ozone was present than when it was not (Po0.001, two-tail); no significant difference between the conditions was observed at the high outdoor airflow rate. Figure 3 shows that air quality in the cabin was judged to be significantly worse (Po0.001, one-tail) for the high ozone condition compared to the low ozone condition at an airflow of 2.4 l/s per person, but not at 4.7 l/s per person. For four of the other assessments, lip dryness, headache, mental tension and thermal environment (data not shown), the subject's responses showed the same pattern as observed for air quality -namely, a difference between ozone conditions at the low outdoor airflow rate but not at the high rate. For five of the symptoms in Figure 3 (odour intensity, skin dryness, aching eyes, dizziness and claustrophobia), there was a difference between ozone conditions at both the low and high outdoor airflow rates. For three of the symptoms in Figure 3 (eye irritation, nasal irritation and smarting eyes), there was a significant difference between ozone conditions at the high outdoor airflow rate but not at the low rate. Additionally, it is noteworthy that the nonsignificant differences shown in Figure 3 . Twelve of the 13 assessments after 3 1 4 h of exposure for which at least one significant difference (Po0.05) between conditions with and without ozone was observed. Each box represents the interquartile range, and the horizontal line dividing the box is the median, whose value appears to the right; all P-values are one-tail. Figure 3 are in the same direction as the significant ones. The same tendency was observed for the other 17 assessments (data not shown in the present paper), with the exception of ''eye dryness'' at the lower air exchange rate.
Physiological measurements and intake of liquid
No significant differences were observed for the nasal peak flow test and the visual acuity test between conditions with and without ozone. Measurements of skin dryness were significantly different between the condition with and without ozone, the effect being opposite at the two outdoor airflow rates (Figure 4) . In making comparisons between assessments made at the lower and higher outdoor airflow rates, it is important to bear in mind the fact that the relative humidity averaged 20% at the lower rate compared with 10% at the higher rate (Table 5) .
Intake of mineral water was slightly higher in conditions with ozone, although none of the differences between conditions were significant.
Discussion
The results presented in Figure 3 indicate that the presence of ozone in the simulated aircraft cabin, at levels below what is recommended by current US Federal Aviation Administration (FAA) guidelines, elicits complaints of poor air quality, irritation of mucous membranes and other related symptoms. The assessments of air quality, lip dryness, thermal environment, headache and mental tension showed a difference between ozone conditions at the low outdoor airflow rate but not at the high rate. For the conditions in which ozone was present, its concentration was slightly less at the lower ventilation rate (61 p.p.b.) than at the higher ventilation rate (74 p.p.b.) , but the concentration of ozone oxidation products was about twice as large at the lower ventilation rate compared with the higher ventilation rate (Figure 2 ). This indicates that products of ozone-initiated chemistry are contributing to the differences in these assessments.
The odour assessments are complicated by the fact that the subjects had experienced a gradual increase in the concentration of both ozone and its oxidation products. Additionally, olfactory fatigue is expected to reduce the perception of air quality after 3 1 4 h of exposure. Nonetheless, the subjects reported a significant increase in ''odour intensity'' with ozone present for both of the airflow conditions. For the conditions with ozone, the ozone level was above its reported odour threshold (B30 p.p.b.; Horva´th et al., 1985) , and a number of ozone oxidation products were present at levels above their odour threshold at the lower airflow rate (Weschler et al., 2007) .
In the present study, subjects reported significantly increased lip and skin dryness when ozone was present. Comparable lip and skin dryness were not observed in previous evaluations of humidity versus fresh air conducted in this same simulated cabin . The corneometer measurements showed that the water content of the outermost layer of skin differed significantly between conditions at both low and high airflow rates, but in opposite directions (Figure 4) . These results are confounded by the fact that the relative humidity was higher at the lower airflow rate (20% RH) than at the higher airflow rate (10% RH). Instead of the comparison shown in Figure 4 , one can compare the skin humidity for the two conditions without ozone and the two conditions with ozone. For the conditions without ozone, the water content of the skin was slightly higher at the lower ventilation rate than at the higher ventilation rate. This matches the results obtained from previous investigations carried out in the simulated cabin and is consistent with the difference in relative humidity between the two ventilation rates. For the conditions with ozone, the skin humidity is similar at the two ventilation rates (32.3% versus 33.1%), and both of these values are lower than the skin dryness in the absence of ozone at the lower ventilation rate (34.0%). Given the frequency of dry skin complaints among passengers and crew on commercial aircraft, this issue warrants further, more systematic investigation.
Only one field study, de Ree et al. (2000) , is directly comparable to the present study. It included ozone measurements and self-reported symptoms obtained on Boeing 747-400 aircraft flown over the same route by KLM and British Airways (BA). The KLM aircraft were fitted with catalytic converters while the BA aircraft were not. The results showed some correlation between ozone levels and ozone-related symptoms, but none of these correlations reached statistical significance. This study was confounded by the fact that smoking was permitted on the KLM flights (that had lower ozone levels) but was not permitted on the BA flights (that had higher ozone levels). Additionally, no humidification systems were present on the KLM aircraft, but some were present on the BA aircraft. In the final section of their paper, de Ree et al. acknowledge other limitations to their study, including large amount of missing data and a lack of control over study conditions. Such limitations are difficult to avoid in field studies and highlight a major advantage of studies conducted in a simulated aircraft with recruited subjectsnamely, control of related and potential confounding variables. This advantage is not limited to the control of environmental parameters such as temperature and airflow per person but also includes the fact that investigations can be based on a balanced experimental design with the same subjects as passengers in all conditions. In effect, the subjects serve as their own controls. Moreover, in the case of experiments that include conditions with ozone, comparisons are more straightforward if the occupant density is held constant since ozone removal and the associated production of oxidation products is strongly influenced by the number of passengers. In the present study, the passengers were responsible for almost 60% of the ozone removal (Tama´s et al., 2006) .
In previous investigations carried out in the simulated aircraft cabin at DTU , 2006 Sun et al., 2007) , fewer subjective responses were observed to statistically differ between tested conditions than has been observed in the present study. This is true, despite the fact, that in the previous studies the number of subjects was larger (B60) and the exposure periods were longer. However, the larger groups were evenly divided between younger (aged 18-30 years) and older (aged 55-70 years), female and male subjects in contrast to the present group of 29 young female subjects. Young female subjects are anticipated to be more sensitive and to give more internally consistent responses than a more heterogeneous group of subjects (Wargocki et al., 1999) . Regardless, the number of significant differences found from the subjective assessments in the present study was large, and collectively indicate that ozone and/or the products of ozone-initiated chemistry are positively associated with symptoms characteristic of passenger and crew complaints aboard commercial aircraft.
Although the results reported in this study were obtained in a simulated aircraft cabin, they suggest the importance of ozone and its oxidation products to air quality in other indoor environments, including other vehicles.
Conclusions
The US Federal Aviation Regulation (FAR25.832) states that ''The airplane cabin ozone concentration during flight must be shown not to exceed: 250 p.p.b., sea level equivalent, at any time above flight level 320 (32 000 feet or 9.8 km); and 100 ppb, sea level equivalent, time-weighted average during any 3-h interval above flight level 270 (27 000 feet or 8.2 km)''. The cabin ozone concentrations in the present study -an average of 61 p.p.b. for the lower and 74 p.p.b. for the higher airflow conditions -are well below these limits.
Nonetheless, test subjects reported significantly less satisfaction with air quality and increased intensity for numerous symptoms when ozone was present compared with the condition when it was absent. This indicates that ozone and its oxidation products are contributing to complaints typically occurring in aircraft cabin environments. When FAR25 was originally drafted, little had been published regarding indoor exposures to the products of ozone-initiated chemistry. Now we realize that elevated ozone concentrations within an aircraft cabin result not only in passengers' exposure to ozone but also in exposure to the products of ozone-initiated chemistry (Wisthaler et al., 2005; Weschler, 2006; Weschler et al., 2007) . This study, taken together with other information that has become available since FAR25 was established (US EPA, 2006) , suggests that it would be beneficial to remove ozone, even at levels lower than currently specified.
